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Abstract 
Although squeeze f i l m  da;npr i s  
increas ingly  employed as a device to con- 
trol t h e  amplitude of s h a f t  v ib ra t ions  for  
large unbalances or near critical speeds, 
q u a n t i t a t i v e  information on danping coef f i- 
c i e n t s  over a range of geometric and 
operating parameters is  inadequate for 
design purposes. 
This  pap~r  describes a test r i g  b u i l t  
foi pardxetric evaluakion of damping 
c o e f f i c i e n t  as a fclnction of mount s t i f f -  
ness, squeeze film thicxness, i n l e t  o i l  
pressure and magnitude of unbalance. 
The damping c o e f f i c i e n t  is quant i ta-  
t i v e l y  evaluated from the direct measure- 
ment of t ransmit ted force, danper sleeve 
d i sp l acman t ,  speed a;? the phase asgle  
between the t ransmi t ted  force m d  amplitude 
of v i b r a t i o n  of  damper ring. Non contacc- 
i n g  t y p  of  capacitmce p-ick-ups were used 
to m-.asure 4anpr slee-Je disp lacumnt .  
The t ransmi t ted  force wa.s measured by 
Piozo electric force trsnsadcers .  Both 
the force  and displacem.xt  s i g n a l s  w e r e  
czoss-correlated i n  real-time to  g e t  t he  
phase d i f f e rence  between them, 
d i f f e r e n t  speeds to evalu.ste the inf luence  
of s s e d .  The experimental r e s u l t s  '&re 
cwnpared iqith t h e o r e t i c a l  p red ic t ions  to  
asses the r e l i a 5 i l i t y  of theo re t i ca l  
f o rmula  . 
The tests were carried oat a t  
In t roduct ion  
Since da?ping c h a r a c t e r i s t i c s  p lay  a 
s f 3 n i f i c a n t  role i n  response and s t a b i l i t y  
of rotors with l a r g e  unbalances, the 
design of squPeza f i l m  damper r equ i r e s  the 
knowledge of the behsr iour  of da-ping 
c o s f f  i c i e n t  with respect to  var ious  
pa rme te r s .  
Ekprimenc_al evalus:ion of damping 
coefficient has r sented only i n  a 
f e w  publ ica t ions  *','8'* Each of these 
has exanined t h e  effect of only a Eew para- 
meters on damping coeff ic ien t .  I n  Raf.2 
the infomazion  on =he Sehaviour of damp 
ing  c o e f f i c i e n t  is  not a-Jailable with res- 
pect to  o i l  pressure aqd a t  lower s-eds. 
Tliolollgh response c h a r a c t e r i s t i c s  are availa-  
ble i n  Ref.3. the  damping coe f f i c i en t  is 
not e x p l i c i t l y  evaluated under d i f f e r e n t  
condit ions.  I n  Ref.2,4, t he  va r i a t ion  
of dainping c o e f f i c i e n t  with respect t o  the  
s t i f f n e s s  of the rotor rnounting has not 
been invest igated.  
Therefore, the objec t ive  of the pre- 
sent  program was to  carryoilt  a systematic  
i nvss t iga t ion  on the behaviolir of the  
damping coaff  i c i e n t  v i th  respect to mount 
s t i f f n e s s ,  unbala?ce, o i l  pressares  and 
squeeze f i l m  thickness. The damping 
c o e f f i c i e n t s  eva lua tsd  quan t i t a t i ve ly  from 
t h e  
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test da t a  are presented i n  t h i s  p a e r .  
Nomenclature 
instantaneoxs i r a l u s  of damper s leeve  
dlsglace,wnt;  m 
Maximurn value of damper sleeve 
displace!nent, TI 
3il f i l m  dainping coe f f i c i en t ,  N sec/m 
R a &  a1 c learance  (Squeeze f i l m  
D i a m e t s r  of the damper r i n g ,  rn 
instantaneo'is value of the force  
t ransmit ted,  N 
N a x i m u m  va lus  of the force 
transmit ted,  N 
S t a t i c  s t i f f n e s s  of the rotor ,  N/m 
Length of the dmper sleeve, m 
cons tants  depending o n  L/D r a t i o  
Rotor speed, rpn 
SqJeeze f i lm o i l  p r e s s x e  x/m2 
R a d i u s  of t h e  damper sleeve, m 
Load carried, N 
t i m e ,  sec 
e c c e n t r i c i t y  r a 5 o  (A/c 1 
o i l  v i s c o s i t y  N sac/m2 
Rotor sped ,  r a u s e c  
Phase angle between amplitude 05 
v ib ra t ion  of dunper s leeve  a?d t h e  
t ransmit ted force, degrees. 
thickness) .  m 
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1 1 1  
Which is  same as, 
pL(3j - dC 
dt W =  m ( i -  E) 
W = B - dA t Since - 6lE =_La 
dt dt C dt 
We have 
where m & n aze em?i r ica l  c o n s t a n t s  
depending on L/D. 
A . p a r e l y  t h e o r e t i c a l  express ion  has 
been give:i i n  r e f e r e n c e  2 which i s  reprodu- 
ced iiere 
S ince  th?  force t r a n s n l t t e d  to t h e  
beazing housing could be thought of as t h e  
s w m a t i o n  of zhe f o r c e s  dde to t h e  bear ing  
s p r i n g  r a t e  and t h e  o i l  f i l m  damping, i t  
could be w r i t t e r l  as 
do f Kg + B  a
Since  t h e  danper sleeve di splacrment 
i s  observad t o  be a Tinuso ida l ly  vary ing  
func t ion ,  t h e  above equa t ion  may Se w r i t t e n  
W t  + B A  W Cos 0 1  
as2 
f = K A  Sin 
= F Sin (at+$) Where, 
T h e o r e t i c a l  Backqround 
The typ? of squseze f i l m  dsnper  
i n v e s r i g a t e d  here  could 5e thought of as 
a p l a i n  c y l i n d r i c a l  joclrnal bear ing  i n  
whic’i t h e  jo:irnal C ~ T  w h i r l  f r e e l y  bu t  is  
restricted f r o m  r o t a t i o n .  
The lo3d c a r r y i n g  c a ? a c i t y  is given 
by t h e  fo l lowing  equa t ion  dsrived by 
t-l& 
0 
BA W Sin 0 = -
F 
and hence B Sin$ (3) F 
The above equa t ion  ( 3 )  wan ,Jsed t o  
e v a l u a t e  t h e  Ciainping coef f i c i e n ?  f ron 
measured data .  The exper imental  results 
w e r e  cornpared w i t h  t h e o r e t i c a l  v31ues 
o b t a i n e d  from equa t ion  ( 2  1, 
Experimental set u p  and ins t rumenta t ion  
A schernatic diagram of t h e  test r i g  
is  shown i n  F i g . ( l ) .  A h o r i z o n t a l  s h a f t  
c o n f i g J r a 2 i o n  was selecwd s i n c e  i t  
repress r l t s  m o s t  of t h e  p r a c t i c a l  app l ica-  
t i o n s .  The e x F r i m e n t a l  Sn t  up c o n s i s t s  
of a main s h a f t  provided at one end ,d i th  
FIG. 1 
an air t u r b i n e  which d r i v e s  t h e  rotor 
over a wide range of speeds. A flexible 
c o a p l i n g  w a s  .ised to  cannec t  t h e  d r i v i n g  
and t h e  d r i v e n  u n i t s ,  so t h a t  aqy vibra- 
t i o n s  from t h e  drive u n i t  w e r e  i s o l a t e d  
from t h e  o i l  f i l m  d3:nper un i t .  
m. liie s h a f t  carries a 3a inpe r  r ing  
assembly - c o n s i s t i n g  o f  a? i n n e r  and 
outer darnper r i n g  - nounted on a deep 
groove b a l l  bear ing.  The damper r i n g  
assernbly is held by f o u r  f l e x  bars i d a n t i -  
cal  t o  one ano ther  and c a n t i l e v e r e d  f r o v  a 
r i g i d  housing. The f l e x i b l e  moznting of 
t h e  d a ; n p r  r i n g  cou ld  v a r i e d  over  a 
s t i f f n e s s  -Jalue f r o a  0.6923 x 107 N/m t o  
2,743 x lo7  N , h  i n  f o u r  s t e p s  by i n t e r -  
ciiangeable set of f l e x  Sar.s. T’ne d a n p r  
r i n g  aasernbly is housed i n  a box type 
cas ing ,  l eav ing  a c l e a r a m e  a l l  r o m d  t h e  
o-iter damper r i n g  t o  provide an o i l  f i l m .  
Figure:2 
I I2 
A circular d i s c  mounted a t  the free 
end of t h e  sh3ft c a r r i e s  an eccen t r i c  m a s s  
for c rea t ing  the required unbalance. Tce 
test r i g  is desiqnsd i n  sucn a way t h a t  
d i f f e r e n t  parameters codld Se var i ed  indo- 
peqdeqtly. The c learance  sFce be tweer l  
t he  oyter da-per r ing  and t'e housing bore 
is fed wi th  o i l  under pressure by using a 
me  hp  gaar  pun?, The.kd731e set u p  was 
momted on ribber pads to isolate t k  o i l  
f i l m  daaper u n i t  from ex tz rna l  vibrat ions.  
A photographic .vied of the test rig is  
shown i n  Fig.2. 
Capacitame proximity type of  t rans-  
diicers mre used for ineasurment of ampli- 
t u d e  of v ibra t ion  o f  the clamper sleeve. 
T9e probe is wmted on the daqper housing 
m t h  a no-inal air g3p of 5001.rrn b e t w e  n 
the probe and the oyter damper r ing  unser 
static condit ions,  wi th  a Syynanic range of 
20p rn. The proximity probes w e r e  caLi- 
braked before each run t-o study the d r i f t  
i n  ca l ib ra t ion .  N o  s i g n i f i c m t  d r i f t  w a s  
observed. P i ezos l ec t r i c  fo rce  t ransducers  
w a r e  used for the meas:_lre.mnt of fGrce 
transmit ted.  These are loca ted  Setween 
the d a m p e r  hoaxing  am3 the  base plate. 
Matciiing charge anpl i f  iers whicn were 
adjus ted  to respond from 0.3% to 3 K%z, 
w e r e  used t o  convert  the  rlynmic force 
s ignal ,  available as cha:ge i n  electric 
ch3rge, i n t o  millivots. T h i s  g ives  a 
c a l i b r a t i o n  factor of 10 .nillivolts per 
Newton. 
One p a i r  of fo rce  and a-nplitude 
transducers  -&?re mounted i n  t w o  p-rpendi- 
c a l a r  d i r e c t i o n s  (hor izonta l  aqd v e r t i c a l  1 
to  m a k e  the neasarement of force and 
displacement i n  30th the d i rec t ions .  The 
i d e a  ras t o  determine whethsr the d.zmping 
characteristics are d i f f e r e n t  i n  v e r t i c a l  
and Liorizontal d i r e c t i o n s  dlie to  the  
weight of the rotor which always acts 
v e r t i c a l l y  . 
noisy with a s i g n a l  t o  n o i s e u a t i o  of 
h u t  10, the force aid the displaceinint 
s i g n a l s  w e r e  cross c o r r e l a t e d  i n  a real- 
time c o r r e l a t o r  t o  got  t h e  phase differ- 
ence between them. This  technique yield-  
ad good r e p i o 3 x i b i l i t y  i n  rneas:xerrents. 
The techniqus w a s  e a r l i e r  cross-checked 
and c a l i b r a t e d  by mc&ns of d variable 
phase ge rk ra to r  which was w i r e d  to develop 
two s i g n a l s  of known phase d i f ference  
adjustable frbm zero  t o  180°, It was 
found t h a t  the  phase angle c o u l d  be 
m e k j u r e d  x i t h  an error not exceadiny 
one degree. 
Since the  fo rce  s i g n a l  w a s  l i t t l e  
The outpat  from t h e  displacement 
t ransducer w h i c h  is i nc iden ta l ly  noiss  
free as compared to force s igna l ,  was 
passed enrough an x t i v a  bmdpass f i l t e r  
and appl ied  to  3 fraguency counter for 
accurate speed ;TI? asa rem nt s. 
Fo3.3 s k w s  the scnans t ic  of tha 
i n s  t TU men t  a t  ion  s ys ten. 
1 O V Y  FOR ZERO SfTl INC A N 0  CALIIRLTD)I 
INSTRLMENTATION LAYOUT - I 
Fiqure:  3 
Tests w s r e  conducted for f6ur  values 
each of mount s t i f fnes s ,  f i l m  thickness, 
o i l  pressures aqd unbalance. I n  each 
test t h e  t ransmi t ted  force, aqpli tuda of 
v ib ra t ion  of the danpr  sleeve, r o t o r  speed 
and phase angle betwee.1 anpli tude and the 
transmit ted force w e r e  x a s u r e d .  
s i n c e  s igna l  to noise r a t i o  ;'as a b o u t  
t e n  i n  case of force signal ,  it is estima- 
ted  t h a t  phase aqgle could je measdred 
genera l ly  wi th in  an error of 15%. The 
s e n s i t i v i t y  ana lys i s  i nd ica t e s  t h a t  the 
error i n  the  evaluat ion of damping coe f f i-  
c i e n t  €or the akve  measurement error i n  
phase angle is  gerlerally negligible.  
However, t he  error of a b o u t  10% i n  the 
rneasure.nent of t ransmi t ted  force due to  
noise d i r e c t l y  affects the evaluat ion of 
da-nping c o e f f i c i e n t  to  the  sme extent. 
The o the r  measurements were f a i r l y  noise 
free and accurate. I n  view of the above 
s e n s i t i v i t y  analysis ,  i t  can be concluded 
t h a t  t he  resnlts i n  t e r m s  of danping 
c o e f f i c i e n t  would be accurate within abmt 
15%. 
-. 
R e s i i l t s  and d iscuss ions  
Although a separa te  set of transducers  
wcre provided for indepmdant measure.xnts 
i n  .horizontal and ver t ical  d i rec t ions ,  it 
w a s  anfor tunate ly  not possible to  measure 
the forces i n  the  v s r t i c a l  d i r ec t ion  accu- 
r a t e l y  due t o  unacceptable cross-seqsiti- 
v i t y  of t h e  p i ezoe lec t r i c  t ransducer ca jsed  
by t h e  r o t o r  housing weight. Since this 
d i f f i c u l t y  could not be overcome w i t h  minor 
design changes, the xeasureinents were 
restricked t o  the  horizontal  d i r ec t ion  f o r  
exraluation of the data. Therefore, the 
results i n  a ss?se correspoqd t o  t b s e  f o r  
a v a r t i c a l  rotor .  
The xeaaured data illas u t i l i s e d  t o  
evaluate the danping c o e f f p i a n t  by x a n s  
of equatiorl ( 3  1. The expr imsn ta l  rasJl ts  
i n  the f o r m  of dsmpiny coe f f i c i ez t  evaldat- 
ed x u m t i t a t i v e l y  a5 a function of d i f f e r-  
en t  para-neters are shun i n  fi,dres 
4,5,6 & 7.  
damping coefficiernt wi th  r e s p e c t  to  
p r e s s u r e  f o r  t h r e e  values of f i l m  thicK- 
ness. 
s l i g h t  incceas jhg  t r e q 3  of d m p i n g  
c o e f f i c i e n t  w i t h  respect to  i n c r e a s e  i n  
o i l  pressure .  
values are also tabu la ted .  
observed t h a t  t h e  e x p r i m s n t a l  values are 
smewhat  h igher  than  the t h s o r e t i c a l  
predict ions.  
Fig. 5 i n d i c a t e s  t he  v a r i a t i o n  of 
danping c o e f f i c i e n t  wi th  res?ect to  s t i f f -  
n e s s  of the flex bars. 
t h a t  d m p i n g  c o e f t i c l e n t  is not dependent 
on  s t i f f n s s s ,  Tes t  values from Fig.6 do 
n o t  s h o w  any d i f i n i t e  v a r i a t i o n  wi th  speed 
of the rotor, as r e p o r t e d  by o t h e r  i n v e s t i-  
g a t o r s  also2. 
Fig.4 shows tk v a r i a t i o n  of 
It  can Se seen  t h a t  t k r e  is a 
I n  t h e  sa-ne d i a g r a m ,  t h e o r e t i c a l  
I t  is  
I t  is observed 
P-N/m2 
FIG. 4 
FIG. 5 
FIG 6 
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E 
CLEARANCE C -” 
FIG. 7 
The f i l m  t h i c k n e s s  has  a marked 
i n f l u e n c e  on t h e  danping c o e f f i c i e n t .  
Although t h e  number o f  test p o i n t s  i s  
s m a l l ,  i f  an attemat is made t o  d r a w  a 
s t r a i g h t  l i n e  th roagh  t h e  p i n t s  p l o t t e d  
o n  a lo3r i th rn ic  scale, t h e  v a r i a t i o n  of 
d a ~ p i n g  c o e f f i c i e n t  i s  found i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  c l e a r a n c e  r a i s e d  to  
t h e  exponint  of 3.48 as seen  i n  Fig.7 
LID 0-4 
CLEARANCE : 4 5 5 ~ m  
OIL PRESSURE 13.78~ 1@N/m2 
STIFFNESS : 0-692x10”/m 
011 VISCOSITY : 0.0545 N scc/m2 
UNBALANCE N-m DAMPING COEFFlClENl 
N s=/m 
-01053 58x 403 
-0t85 31.8 x f03 
26.8 x Id I I -0379 
TABLE - I 
Ref.3 has  concluded t h a t  the damping 
c o e f f i c i e n t  i s  not  anplitude dependent 
and hence i n s e n s i t i v e  to t h e  amount of 
unbalance . The p r e s e n t  i n v e s t i g a t i o n s  
show t h a t  t h e  damping c o e f f i c i e n t  decreas- 
es smewhat ,  as g iven  i n  the above Table.1. 
Conclusions 
Experirnental values of damping 
c o e f f i c i e n t  have been presen ted  f o r  four 
values of f i l m  t h i c k n e s s  (162 rrm, 240 p m ,  
332 P m ,  and 455 Am),  f o u r  vaLues of 
mount s t i f f n e s s  (.692 x lo7 N/m,1.289 x lo7 
N h n ,  2.156 X lo7 N/m and 2.1743 x 107 N/m), 
3 v a l u e s  of unbalance (314.64 gcm, 188.88 
gcm and 107.42 gem) and f o u r  values of 
o i l  pressures (689 x 102 N/m2 ,1378 x 102  
N/’m2 , 2067 x lo2 N/m2 an? 2756 x lo2 N/m2). 
somewhat h igher  t h a n  t h e  t h e o r e t i c a l l y  
p r e d i c t e d  values of damping coef f i c  Lent as 
a l s o  r a p o r t e d  by ot.hcr i n v e s t i g a t o r s 2 r 4  
w i t h  respect t o  speed and s t i E f n e s s  is 
found to  be n e g l i g i b l e .  
Damping c o e f f i c i e n t  i n c r e a s e s  some- 
what w:th tk i n c r e a s e  i n  o i l  pressures. 
The test d a t a  w i t h  respect t o  f i l m  th ick-  
ness i n d i c a t e s  t h a t  t h e  damping c o e f L i -  
c i e n t  is i n v e r s s l y  p r o p o r t i o n a l  t o  t h e  
c l e a r a n c e  r a i s e d  t o  a? exponent of a b o u t  
3.48, as compared to t h e  t h e o r e t i c a l  
value of 3. 
Experimental v a l u e s  are found to be 
The v a r i a t i o n  of damping c o e f f i c i e n t  
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Although squeeze f i l m  da;npr i s  
increas ingly  employed as a device to con- 
trol t h e  amplitude of s h a f t  v ib ra t ions  for  
large unbalances or near critical speeds, 
q u a n t i t a t i v e  information on danping coef f i- 
c i e n t s  over a range of geometric and 
operating parameters is  inadequate for 
design purposes. 
This  pap~r  describes a test r i g  b u i l t  
foi pardxetric evaluakion of damping 
c o e f f i c i e n t  as a fclnction of mount s t i f f -  
ness, squeeze film thicxness, i n l e t  o i l  
pressure and magnitude of unbalance. 
The damping c o e f f i c i e n t  is quant i ta-  
t i v e l y  evaluated from the direct measure- 
ment of t ransmit ted force, danper sleeve 
d i sp l acman t ,  speed a;? the phase asgle  
between the t ransmi t ted  force m d  amplitude 
of v i b r a t i o n  of  damper ring. Non contacc- 
i n g  t y p  of  capacitmce p-ick-ups were used 
to m-.asure 4anpr slee-Je disp lacumnt .  
The t ransmi t ted  force wa.s measured by 
Piozo electric force trsnsadcers .  Both 
the force  and displacem.xt  s i g n a l s  w e r e  
czoss-correlated i n  real-time to  g e t  t he  
phase d i f f e rence  between them, 
d i f f e r e n t  speeds to evalu.ste the inf luence  
of s s e d .  The experimental r e s u l t s  '&re 
cwnpared iqith t h e o r e t i c a l  p red ic t ions  to  
asses the r e l i a 5 i l i t y  of theo re t i ca l  
f o rmula  . 
The tests were carried oat a t  
In t roduct ion  
Since da?ping c h a r a c t e r i s t i c s  p lay  a 
s f 3 n i f i c a n t  role i n  response and s t a b i l i t y  
of rotors with l a r g e  unbalances, the 
design of squPeza f i l m  damper r equ i r e s  the 
knowledge of the behsr iour  of da-ping 
c o s f f  i c i e n t  with respect to  var ious  
pa rme te r s .  
Ekprimenc_al evalus:ion of damping 
coefficient has r sented only i n  a 
f e w  publ ica t ions  *','8'* Each of these 
has exanined t h e  effect of only a Eew para- 
meters on damping coeff ic ien t .  I n  Raf.2 
the infomazion  on =he Sehaviour of damp 
ing  c o e f f i c i e n t  is  not a-Jailable with res- 
pect to  o i l  pressure aqd a t  lower s-eds. 
Tliolollgh response c h a r a c t e r i s t i c s  are availa-  
ble i n  Ref.3. the  damping coe f f i c i en t  is 
not e x p l i c i t l y  evaluated under d i f f e r e n t  
condit ions.  I n  Ref.2,4, t he  va r i a t ion  
of dainping c o e f f i c i e n t  with respect t o  the  
s t i f f n e s s  of the rotor rnounting has not 
been invest igated.  
Therefore, the objec t ive  of the pre- 
sent  program was to  carryoilt  a systematic  
i nvss t iga t ion  on the behaviolir of the  
damping coaff  i c i e n t  v i th  respect to mount 
s t i f f n e s s ,  unbala?ce, o i l  pressares  and 
squeeze f i l m  thickness. The damping 
c o e f f i c i e n t s  eva lua tsd  quan t i t a t i ve ly  from 
t h e  
a 
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B 
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K 
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P 
R 
w 
t 
E 
4 
# 
r-l 
w 
test da t a  are presented i n  t h i s  p a e r .  
Nomenclature 
instantaneoxs i r a l u s  of damper s leeve  
dlsglace,wnt;  m 
Maximurn value of damper sleeve 
displace!nent, TI 
3il f i l m  dainping coe f f i c i en t ,  N sec/m 
R a &  a1 c learance  (Squeeze f i l m  
D i a m e t s r  of the damper r i n g ,  rn 
instantaneo'is value of the force  
t ransmit ted,  N 
N a x i m u m  va lus  of the force 
transmit ted,  N 
S t a t i c  s t i f f n e s s  of the rotor ,  N/m 
Length of the dmper sleeve, m 
cons tants  depending o n  L/D r a t i o  
Rotor speed, rpn 
SqJeeze f i lm o i l  p r e s s x e  x/m2 
R a d i u s  of t h e  damper sleeve, m 
Load carried, N 
t i m e ,  sec 
e c c e n t r i c i t y  r a 5 o  (A/c 1 
o i l  v i s c o s i t y  N sac/m2 
Rotor sped ,  r a u s e c  
Phase angle between amplitude 05 
v ib ra t ion  of dunper s leeve  a?d t h e  
t ransmit ted force, degrees. 
thickness) .  m 
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@ the number i n  silperscript form 
designates references given a t  
t he  end of t h i s  paper. 
1 1 1  
Which is  same as, 
pL(3j - dC 
dt W =  m ( i -  E) 
W = B - dA t Since - 6lE =_La 
dt dt C dt 
We have 
where m & n aze em?i r ica l  c o n s t a n t s  
depending on L/D. 
A . p a r e l y  t h e o r e t i c a l  express ion  has 
been give:i i n  r e f e r e n c e  2 which i s  reprodu- 
ced iiere 
S ince  th?  force t r a n s n l t t e d  to t h e  
beazing housing could be thought of as t h e  
s w m a t i o n  of zhe f o r c e s  dde to t h e  bear ing  
s p r i n g  r a t e  and t h e  o i l  f i l m  damping, i t  
could be w r i t t e r l  as 
do f Kg + B  a
Since  t h e  danper sleeve di splacrment 
i s  observad t o  be a Tinuso ida l ly  vary ing  
func t ion ,  t h e  above equa t ion  may Se w r i t t e n  
W t  + B A  W Cos 0 1  
as2 
f = K A  Sin 
= F Sin (at+$) Where, 
T h e o r e t i c a l  Backqround 
The typ? of squseze f i l m  dsnper  
i n v e s r i g a t e d  here  could 5e thought of as 
a p l a i n  c y l i n d r i c a l  joclrnal bear ing  i n  
whic’i t h e  jo:irnal c3-1 w h i r l  f r e e l y  bu t  is  
restricted f r o m  r o t a t i o n .  
The lo3d c a r r y i n g  c a ? a c i t y  is given 
by t h e  fo l lowing  equa t ion  dsrived by 
t-l& 
0 
BA W Sin 0 = -
F 
and hence B Sin$ (3) F 
The above equa t ion  ( 3 )  wan ,Jsed t o  
e v a l u a t e  t h e  Ciainping coef f i c i e n ?  f ron 
measured data .  The exper imental  results 
w e r e  cornpared w i t h  t h e o r e t i c a l  v31ues 
o b t a i n e d  from equa t ion  ( 2  1, 
Experimental set u p  and ins t rumenta t ion  
A schernatic diagram of t h e  test r i g  
is  shown i n  F i g . ( l ) .  A h o r i z o n t a l  s h a f t  
c o n f i g J r a 2 i o n  was selecwd s i n c e  i t  
repress r l t s  m o s t  of t h e  p r a c t i c a l  app l ica-  
t i o n s .  The e x F r i m e n t a l  Sn t  up c o n s i s t s  
of a main s h a f t  provided at one end ,d i th  
FIG. 1 
an air t u r b i n e  which d r i v e s  t h e  rotor 
over a wide range of speeds. A flexible 
c o a p l i n g  w a s  .ised to  cannec t  t h e  d r i v i n g  
and t h e  d r i v e n  u n i t s ,  so t h a t  aqy vibra- 
t i o n s  from t h e  drive u n i t  w e r e  i s o l a t e d  
from t h e  o i l  f i l m  d3:nper un i t .  
m. liie s h a f t  carries a 3a inpe r  r ing  
assembly - c o n s i s t i n g  o f  a? i n n e r  and 
outer darnper r i n g  - nounted on a deep 
groove b a l l  bear ing.  The damper r i n g  
assernbly is held by f o u r  f l e x  bars i d a n t i -  
cal  t o  one ano ther  and c a n t i l e v e r e d  f r o v  a 
r i g i d  housing. The f l e x i b l e  moznting of 
t h e  d a ; n p r  r i n g  cou ld  v a r i e d  over  a 
s t i f f n e s s  -Jalue f r o a  0.6923 x 107 N/m t o  
2,743 x lo7  N , h  i n  f o u r  s t e p s  by i n t e r -  
ciiangeable set of f l e x  Sar.s. T’ne d a n p r  
r i n g  aasernbly is housed i n  a box type 
cas ing ,  l eav ing  a c l e a r a m e  a l l  r o m d  t h e  
o-iter damper r i n g  t o  provide an o i l  f i l m .  
Figure:2 
I I2 
A circular d i s c  mounted a t  the free 
end of t h e  sh3ft c a r r i e s  an eccen t r i c  m a s s  
for c rea t ing  the required unbalance. Tce 
test r i g  is desiqnsd i n  sucn a way t h a t  
d i f f e r e n t  parameters codld Se var i ed  indo- 
peqdeqtly. The c learance  sFce be tweer l  
t he  oyter da-per r ing  and t'e housing bore 
is fed wi th  o i l  under pressure by using a 
me  hp  gaar  pun?, The.kd731e set u p  was 
momted on ribber pads to isolate t k  o i l  
f i l m  daaper u n i t  from ex tz rna l  vibrat ions.  
A photographic .vied of the test rig is  
shown i n  Fig.2. 
Capacitame proximity type of  t rans-  
diicers mre used for ineasurment of ampli- 
t u d e  of v ibra t ion  o f  the clamper sleeve. 
T9e probe is wmted on the daqper housing 
m t h  a no-inal air g3p of 5001.rrn b e t w e  n 
the probe and the oyter damper r ing  unser 
static condit ions,  wi th  a Syynanic range of 
20p rn. The proximity probes w e r e  caLi- 
braked before each run t-o study the d r i f t  
i n  ca l ib ra t ion .  N o  s i g n i f i c m t  d r i f t  w a s  
observed. P i ezos l ec t r i c  fo rce  t ransducers  
w a r e  used for the meas:_lre.mnt of fGrce 
transmit ted.  These are loca ted  Setween 
the d a m p e r  hoaxing  am3 the  base plate. 
Matciiing charge anpl i f  iers whicn were 
adjus ted  to respond from 0.3% to 3 K%z, 
w e r e  used t o  convert  the  rlynmic force 
s ignal ,  available as cha:ge i n  electric 
ch3rge, i n t o  millivots. T h i s  g ives  a 
c a l i b r a t i o n  factor of 10 .nillivolts per 
Newton. 
One p a i r  of fo rce  and a-nplitude 
transducers  -&?re mounted i n  t w o  p-rpendi- 
c a l a r  d i r e c t i o n s  (hor izonta l  aqd v e r t i c a l  1 
to  m a k e  the neasarement of force and 
displacement i n  30th the d i rec t ions .  The 
i d e a  ras t o  determine whethsr the d.zmping 
characteristics are d i f f e r e n t  i n  v e r t i c a l  
and Liorizontal d i r e c t i o n s  dlie to  the  
weight of the rotor which always acts 
v e r t i c a l l y  . 
noisy with a s i g n a l  t o  n o i s e u a t i o  of 
h u t  10, the force aid the displaceinint 
s i g n a l s  w e r e  cross c o r r e l a t e d  i n  a real- 
time c o r r e l a t o r  t o  got  t h e  phase differ- 
ence between them. This  technique yield-  
ad good r e p i o 3 x i b i l i t y  i n  rneas:xerrents. 
The techniqus w a s  e a r l i e r  cross-checked 
and c a l i b r a t e d  by mc&ns of d variable 
phase ge rk ra to r  which was w i r e d  to develop 
two s i g n a l s  of known phase d i f ference  
adjustable frbm zero  t o  180°, It was 
found t h a t  the  phase angle c o u l d  be 
m e k j u r e d  x i t h  an error not exceadiny 
one degree. 
Since the  fo rce  s i g n a l  w a s  l i t t l e  
The outpat  from t h e  displacement 
t ransducer w h i c h  is i nc iden ta l ly  noiss  
free as compared to force s igna l ,  was 
passed enrough an x t i v a  bmdpass f i l t e r  
and appl ied  to  3 fraguency counter for 
accurate speed ;TI? asa rem nt s. 
Fo3.3 s k w s  the scnans t ic  of tha 
i n s  t TU men t  a t  ion  s ys ten. 
1 O V Y  FOR ZERO SfTl INC A N 0  CALIIRLTD)I 
INSTRLMENTATION LAYOUT - I 
Fiqure:  3 
Tests w s r e  conducted for f6ur  values 
each of mount s t i f fnes s ,  f i l m  thickness, 
o i l  pressures aqd unbalance. I n  each 
test t h e  t ransmi t ted  force, aqpli tuda of 
v ib ra t ion  of the danpr  sleeve, r o t o r  speed 
and phase angle betwee.1 anpli tude and the 
transmit ted force w e r e  x a s u r e d .  
s i n c e  s igna l  to noise r a t i o  ;'as a b o u t  
t e n  i n  case of force signal ,  it is estima- 
ted  t h a t  phase aqgle could je measdred 
genera l ly  wi th in  an error of 15%. The 
s e n s i t i v i t y  ana lys i s  i nd ica t e s  t h a t  the 
error i n  the  evaluat ion of damping coe f f i-  
c i e n t  €or the akve  measurement error i n  
phase angle is  gerlerally negligible.  
However, t he  error of a b o u t  10% i n  the 
rneasure.nent of t ransmi t ted  force due to  
noise d i r e c t l y  affects the evaluat ion of 
da-nping c o e f f i c i e n t  to  the  sme extent. 
The o the r  measurements were f a i r l y  noise 
free and accurate. I n  view of the above 
s e n s i t i v i t y  analysis ,  i t  can be concluded 
t h a t  t he  resnlts i n  t e r m s  of danping 
c o e f f i c i e n t  would be accurate within abmt 
15%. 
-. 
R e s i i l t s  and d iscuss ions  
Although a separa te  set of transducers  
wcre provided for indepmdant measure.xnts 
i n  .horizontal and ver t ical  d i rec t ions ,  it 
w a s  anfor tunate ly  not possible to  measure 
the forces i n  the  v s r t i c a l  d i r ec t ion  accu- 
r a t e l y  due t o  unacceptable cross-seqsiti- 
v i t y  of t h e  p i ezoe lec t r i c  t ransducer ca jsed  
by t h e  r o t o r  housing weight. Since this 
d i f f i c u l t y  could not be overcome w i t h  minor 
design changes, the xeasureinents were 
restricked t o  the  horizontal  d i r ec t ion  f o r  
exraluation of the data. Therefore, the 
results i n  a ss?se correspoqd t o  t b s e  f o r  
a v a r t i c a l  rotor .  
The xeaaured data illas u t i l i s e d  t o  
evaluate the danping c o e f f p i a n t  by x a n s  
of equatiorl ( 3  1. The expr imsn ta l  rasJl ts  
i n  the f o r m  of dsmpiny coe f f i c i ez t  evaldat- 
ed x u m t i t a t i v e l y  a5 a function of d i f f e r-  
en t  para-neters are shun i n  fi,dres 
4,5,6 & 7.  
damping coefficiernt wi th  r e s p e c t  to  
p r e s s u r e  f o r  t h r e e  values of f i l m  thicK- 
ness. 
s l i g h t  incceas jhg  t r e q 3  of d m p i n g  
c o e f f i c i e n t  w i t h  respect to  i n c r e a s e  i n  
o i l  pressure .  
values are also tabu la ted .  
observed t h a t  t h e  e x p r i m s n t a l  values are 
smewhat  h igher  than  the t h s o r e t i c a l  
predict ions.  
Fig. 5 i n d i c a t e s  t he  v a r i a t i o n  of 
danping c o e f f i c i e n t  wi th  res?ect to  s t i f f -  
n e s s  of the flex bars. 
t h a t  d m p i n g  c o e f t i c l e n t  is not dependent 
on  s t i f f n s s s ,  Tes t  values from Fig.6 do 
n o t  s h o w  any d i f i n i t e  v a r i a t i o n  wi th  speed 
of the rotor, as r e p o r t e d  by o t h e r  i n v e s t i-  
g a t o r s  also2. 
Fig.4 shows tk v a r i a t i o n  of 
It  can Se seen  t h a t  t k r e  is a 
I n  t h e  sa-ne d i a g r a m ,  t h e o r e t i c a l  
I t  is  
I t  is observed 
P-N/m2 
FIG. 4 
FIG. 5 
FIG 6 
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CLEARANCE C -” 
FIG. 7 
The f i l m  t h i c k n e s s  has  a marked 
i n f l u e n c e  on t h e  danping c o e f f i c i e n t .  
Although t h e  number o f  test p o i n t s  i s  
s m a l l ,  i f  an attemat is made t o  d r a w  a 
s t r a i g h t  l i n e  th roagh  t h e  p i n t s  p l o t t e d  
o n  a lo3r i th rn ic  scale, t h e  v a r i a t i o n  of 
d a ~ p i n g  c o e f f i c i e n t  i s  found i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  c l e a r a n c e  r a i s e d  to  
t h e  exponint  of 3.48 as seen  i n  Fig.7 
LID 0-4 
CLEARANCE : 4 5 5 ~ m  
OIL PRESSURE 13.78~ 1@N/m2 
STIFFNESS : 0-692x10”/m 
011 VISCOSITY : 0.0545 N scc/m2 
UNBALANCE N-m DAMPING COEFFlClENl 
N s=/m 
-01053 58x 403 
-0t85 31.8 x f03 
26.8 x Id I I -0379 
TABLE - I 
Ref.3 has  concluded t h a t  the damping 
c o e f f i c i e n t  i s  not  anplitude dependent 
and hence i n s e n s i t i v e  to t h e  amount of 
unbalance . The p r e s e n t  i n v e s t i g a t i o n s  
show t h a t  t h e  damping c o e f f i c i e n t  decreas- 
es smewhat ,  as g iven  i n  the above Table.1. 
Conclusions 
Experirnental values of damping 
c o e f f i c i e n t  have been presen ted  f o r  four 
values of f i l m  t h i c k n e s s  (162 rrm, 240 p m ,  
332 P m ,  and 455 Am),  f o u r  vaLues of 
mount s t i f f n e s s  (.692 x lo7 N/m,1.289 x lo7 
N h n ,  2.156 X lo7 N/m and 2.1743 x 107 N/m), 
3 v a l u e s  of unbalance (314.64 gcm, 188.88 
gcm and 107.42 gem) and f o u r  values of 
o i l  pressures (689 x 102 N/m2 ,1378 x 102  
N/’m2 , 2067 x lo2 N/m2 an? 2756 x lo2 N/m2). 
somewhat h igher  t h a n  t h e  t h e o r e t i c a l l y  
p r e d i c t e d  values of damping coef f i c  Lent as 
a l s o  r a p o r t e d  by ot.hcr i n v e s t i g a t o r s 2 r 4  
w i t h  respect t o  speed and s t i E f n e s s  is 
found to  be n e g l i g i b l e .  
Damping c o e f f i c i e n t  i n c r e a s e s  some- 
what w:th tk i n c r e a s e  i n  o i l  pressures. 
The test d a t a  w i t h  respect t o  f i l m  th ick-  
ness i n d i c a t e s  t h a t  t h e  damping c o e f L i -  
c i e n t  is i n v e r s s l y  p r o p o r t i o n a l  t o  t h e  
c l e a r a n c e  r a i s e d  t o  a? exponent of a b o u t  
3.48, as compared to t h e  t h e o r e t i c a l  
value of 3. 
Experimental v a l u e s  are found to be 
The v a r i a t i o n  of damping c o e f f i c i e n t  
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EXPZRIMENTAL EV?LU.\TI ON OF DA?4?ING COEFFICIZNT 
OF A SQUEEZE FILM MOUNTiD BALL R A ? I N G  
** 
V.Arun Kumar* and Praqod A. Paranjpe 
Abstract 
Although squeeze f i l m  da;npr i s  
increas ingly  employed as a device to con- 
trol t h e  amplitude of s h a f t  v ib ra t ions  for  
large unbalances or near critical speeds, 
q u a n t i t a t i v e  information on danping coef f i- 
c i e n t s  over a range of geometric and 
operating parameters is  inadequate for 
design purposes. 
This  pap~r  describes a test r i g  b u i l t  
foi pardxetric evaluakion of damping 
c o e f f i c i e n t  as a fclnction of mount s t i f f -  
ness, squeeze film thicxness, i n l e t  o i l  
pressure and magnitude of unbalance. 
The damping c o e f f i c i e n t  is quant i ta-  
t i v e l y  evaluated from the direct measure- 
ment of t ransmit ted force, danper sleeve 
d i sp l acman t ,  speed a;? the phase asgle  
between the t ransmi t ted  force m d  amplitude 
of v i b r a t i o n  of  damper ring. Non contacc- 
i n g  t y p  of  capacitmce p-ick-ups were used 
to m-.asure 4anpr slee-Je disp lacumnt .  
The t ransmi t ted  force wa.s measured by 
Piozo electric force trsnsadcers .  Both 
the force  and displacem.xt  s i g n a l s  w e r e  
czoss-correlated i n  real-time to  g e t  t he  
phase d i f f e rence  between them, 
d i f f e r e n t  speeds to evalu.ste the inf luence  
of s s e d .  The experimental r e s u l t s  '&re 
cwnpared iqith t h e o r e t i c a l  p red ic t ions  to  
asses the r e l i a 5 i l i t y  of theo re t i ca l  
f o rmula  . 
The tests were carried oat a t  
In t roduct ion  
Since da?ping c h a r a c t e r i s t i c s  p lay  a 
s f 3 n i f i c a n t  role i n  response and s t a b i l i t y  
of rotors with l a r g e  unbalances, the 
design of squPeza f i l m  damper r equ i r e s  the 
knowledge of the behsr iour  of da-ping 
c o s f f  i c i e n t  with respect to  var ious  
pa rme te r s .  
Ekprimenc_al evalus:ion of damping 
coefficient has r sented only i n  a 
f e w  publ ica t ions  *','8'* Each of these 
has exanined t h e  effect of only a Eew para- 
meters on damping coeff ic ien t .  I n  Raf.2 
the infomazion  on =he Sehaviour of damp 
ing  c o e f f i c i e n t  is  not a-Jailable with res- 
pect to  o i l  pressure aqd a t  lower s-eds. 
Tliolollgh response c h a r a c t e r i s t i c s  are availa-  
ble i n  Ref.3. the  damping coe f f i c i en t  is 
not e x p l i c i t l y  evaluated under d i f f e r e n t  
condit ions.  I n  Ref.2,4, t he  va r i a t ion  
of dainping c o e f f i c i e n t  with respect t o  the  
s t i f f n e s s  of the rotor rnounting has not 
been invest igated.  
Therefore, the objec t ive  of the pre- 
sent  program was to  carryoilt  a systematic  
i nvss t iga t ion  on the behaviolir of the  
damping coaff  i c i e n t  v i th  respect to mount 
s t i f f n e s s ,  unbala?ce, o i l  pressares  and 
squeeze f i l m  thickness. The damping 
c o e f f i c i e n t s  eva lua tsd  quan t i t a t i ve ly  from 
t h e  
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test da t a  are presented i n  t h i s  p a e r .  
Nomenclature 
instantaneoxs i r a l u s  of damper s leeve  
dlsglace,wnt;  m 
Maximurn value of damper sleeve 
displace!nent, TI 
3il f i l m  dainping coe f f i c i en t ,  N sec/m 
R a &  a1 c learance  (Squeeze f i l m  
D i a m e t s r  of the damper r i n g ,  rn 
instantaneo'is value of the force  
t ransmit ted,  N 
N a x i m u m  va lus  of the force 
transmit ted,  N 
S t a t i c  s t i f f n e s s  of the rotor ,  N/m 
Length of the dmper sleeve, m 
cons tants  depending o n  L/D r a t i o  
Rotor speed, rpn 
SqJeeze f i lm o i l  p r e s s x e  x/m2 
R a d i u s  of t h e  damper sleeve, m 
Load carried, N 
t i m e ,  sec 
e c c e n t r i c i t y  r a 5 o  (A/c 1 
o i l  v i s c o s i t y  N sac/m2 
Rotor sped ,  r a u s e c  
Phase angle between amplitude 05 
v ib ra t ion  of dunper s leeve  a?d t h e  
t ransmit ted force, degrees. 
thickness) .  m 
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